The chiral specificity of the interactions of peptides that induce the formation of cholesterol-rich domains has not been extensively investigated. Both the peptide and most lipids are chiral, so there is a possibility that interactions between peptide and lipid could require chiral recognition. On the other hand, in our models with small peptides, the extent of folding of the peptide to form a specific binding pocket is limited. We have determined that replacing cholesterol with its enantiomer, ent-cholesterol, alters the modulation of lipid organization by peptides. The phasetransition properties of SOPC (1-stearoyl-2-oleoylphosphatidylcholine):cholesterol [in a 6:4 ratio with 0.2 mol % PtdIns(4,5)P 2 ] are not significantly altered when ent-cholesterol replaces cholesterol. However, in the presence of 10 mol % of a 19-amino-acid, N-terminally myristoylated fragment (myristoyl-GGKLSKK-KKGYNVNDEKAK-amide) of the protein NAP-22 (neuronal axonal membrane protein), the lipid mixture containing cholesterol undergoes separation into cholesterol-rich and cholesterol-depleted domains. This does not occur when ent-cholesterol replaces cholesterol. In another example, when N-acetyl-LeuTrp-Tyr-Ile-Lys-amide (N-acetyl-LWYIK-amide) is added to SOPC:cholesterol (7:3 ratio), there is a marked increase in the transition enthalpy of the phospholipid, indicating separation of a cholesterol-depleted domain of SOPC. This phenomenon completely disappears when ent-cholesterol replaces cholesterol. The all-D-isomer of N-acetyl-LWYIK-amide also induces the formation of cholesterol-rich domains with natural cholesterol, but does so to a lesser extent with ent-cholesterol. Thus specific peptide chirality is not required for interaction with cholesterolcontaining membranes. However, a specific chirality of membrane lipids is required for peptide-induced formation of cholesterolrich domains.
INTRODUCTION
It is now generally accepted that the molecular components of biological membranes are not uniformly distributed, but are enriched in specific regions or domains. Some of these domains are enriched in cholesterol and sphingomyelin, and have been termed 'rafts' [1] . In addition to interactions with lipids, proteins also affect the distribution of cholesterol in membranes [2] . Two examples of this are NAP-22 {neuronal axonal membrane protein [also referred to as brain acid soluble protein 1 (BASP1 protein)], a 22 kDa myristoylated protein} [3] and the segment LWYIK (Leu-Trp-Tyr-Ile-Lys) from the gp41 protein of HIV [4] . NAP-22 is a 22 kDa protein found in neurons that is important for neuronal sprouting and plasticity [5] . In addition to the intact 22 kDa protein, significant amounts of N-terminal myristoylated fragments of this protein are also found in many tissues [6] . Myristoylated proteins are commonly found in cholesterol-rich domains in membranes [7, 8] . A 19-amino-acid N-terminal peptide of NAP-22 (NAP-22 peptide; Figure 1 ), which is found physiologically, sequesters PtdIns(4,5)P 2 into domains in a cholesterol-dependent manner [9] . The segment LWYIK is part of the tryptophan-rich region of gp41 that is adjacent to the transmembrane helix. This region of the protein is important for both infectivity and for sequestering into raft domains [10] [11] [12] .
Both the so-called CRAC [13] motif as well as protein acylation are relatively non-specific mechanisms for interaction of proteins with membranes, since they do not involve a conformationally specific rigid binding site. Nevertheless, these two features are sufficient to determine preferential interaction with cholesterol in membrane bilayers. In the present study we determine the role of cholesterol chirality on the interaction of these peptides with membranes. For this purpose, we have used natural cholesterol and its enantiomer, ent-cholesterol, in which each of the chiral centres of the natural form was inverted ( Figure 1 ). Our study employed both DSC (differential scanning calorimetry) and 1 H NOESY (nuclear Overhauser enhancement spectroscopy) MAS (magic angle spinning)-NMR. DSC allows us to monitor the extent to which cholesterol has been depleted from a domain in the membrane by measuring the enthalpy and co-operativity of the chain melting transition of the phospholipid. It is well known that cholesterol broadens phospholipid-phase transitions and lowers the gel-to-liquid/crystalline-phase transition enthalpy. As a result of peptide-induced phase separation of lipid components, the presence of cholesterol-depleted domains will be revealed by an increase in the enthalpy and co-operativity of this transition [2] . The NOESY MAS/NMR measurements provide an estimate of the groups which come into close contact with the aromatic groups of the peptide [14] . Both methods allow the use of lipids without fluorescent probes, and are able to detect the presence of domains smaller than those required for detection by fluorescence microscopy.
EXPERIMENTAL

Materials
A synthetic lipopeptide (myristoyl-GGKLSKKKKGYNVNDE-KAK-amide, corresponding to the 19 N-terminal residues of NAP-22), was purchased from BioSource International (Hopkinton, MA, U.
S.A.). The peptide N-acetyl-LWYIK-amide
Abbreviations used: 2D, two-dimensional; (SO/PO)PC, (1-stearoyl-2-oleoyl/1-palmitoyl-2-oleoyl)phosphatidylcholine; DPPC, dipalmitoyl-PC; DSC, differential scanning calorimetry; MAS, magic angle spinning; NAP-22, neuronal axonal membrane protein; NOESY, nuclear Overhauser enhancement spectroscopy. 1 To whom correspondence should be addressed (email epand@mcmaster.ca). and its all-D-amino-acid isomer were synthesized by SynPep Corp. (Dublin, CA, U.S.A.) and purified by HPLC. ent-Cholesterol was synthesized and characterized as described previously [15] . Cholesterol and phospholipids, including PtdIns(4,5)P 2 , purified from porcine brain, were purchased from Avanti Polar Lipids (Alabaster, AL, U.S.A.).
Preparation of samples for DSC and NMR experiments
Lipid components were co-dissolved in chloroform/methanol (2:1, v/v). For samples containing peptide, an aliquot of a solution of the peptide in methanol was added to the lipid solution in chloroform/methanol. The amount of peptide used was monitored by the absorbance at 280 nm using an absorption coefficient calculated from the amino acid composition [16] . The solvent was rapidly evaporated at 30
• C under a stream of nitrogen with constant rotation of a test tube to avoid separation of lipid components [17] , and to deposit a uniform film of lipid over the bottom third of the tube. Last traces of solvent were removed by placing the tube under high vacuum for at least 2 h. The lipid film was then hydrated with 20 mM Pipes containing 1 mM EDTA and 150 mM NaCl with 0.002 % NaN 3 , pH 7.4, and suspended by intermittent vortex-mixing and heating to 50
• C over a period of 2 min under argon. Samples used for NMR analysis were hydrated with the same buffer made in 2 H 2 O and adjusted to a pH meter reading of 7.0 (p 2 H 2 = 7.4), and incubated for at least 24 h at 4 • C to allow conversion of any anhydrous cholesterol or ent-cholesterol crystals into the monohydrate form. For NMR measurements, the samples were first spun in an Eppendorf centrifuge at room temperature. The resulting hydrated pellet was transferred to a 4 mm zirconia rotor with the 12 µl Kel-F insert, attempting to pack the maximal amount of lipid into the rotor while maintaining its wetness.
DSC experiments
Measurements were made using a Nano Differential Scanning Calorimeter (Calorimetry Sciences Corp., American Fork, UT, U.S.A.). A lipid concentration of 2.5 mg/ml was used either with or without the addition of between 5 and 15 mol % peptide. The scan rate was 2
• C/min, and there was a delay of 5 min between sequential scans in a series to allow for thermal equilibration. Each set of scans presented was repeated at least twice with two independent preparations giving similar results. The features of the design of this instrument have been described previously [18] . DSC curves were analysed by using the fitting program DA-2, provided by Microcal Inc. (Northampton, MA, U.S.A.) and plotted with Origin, version 5.0.
H NOESY MAS-NMR
High resolution MAS spectra were acquired using a spinning speed of 5.5 kHz in a Bruker AV 500 NMR spectrometer. The 12 µl insert of the rotor was packed with as much of the centrifuged pellet as possible. The probe temperature was 24 + − 1
• C. The 2D (two-dimensional)-NOESY spectra were obtained using delay times of 50 and 300 ms. Resonances were assigned based on reports of PC (phosphatidylcholine) [19] , cholesterol [20] and amino acid residues [21] .
CD experiments
CD spectra were recorded with an AVIV Model 215 Circular Dichroism Spectrometer (Proterion Corp., Piscataway, N.J., U.S.A.). The sample was contained in a 2 mm quartz cell that was maintained at 25
• C in a thermostat-controlled cell holder. CD data were expressed as mean residue ellipticities. All CD measurements were performed in 10 mM sodium phosphate/ 0.14 M NaCl, pH 7.4. For peptide alone, solutions were made from methanol and diluted into buffer to a concentration of 150 µM. Lipid films containing peptide were made by mixing all components in chloroform/methanol (2:1, v/v) and dried under nitrogen and vacuum. Films were hydrated with phosphate buffer by vortexmixing, and were then sonicated to clarity before measuring the CD. The lipid concentration was 500 µM.
RESULTS
DSC experiments
We compared the effect of the myristoylated NAP-22 peptide on the phase transitions of a mixture of SO(1-stearoyl-2-oleoyl)PC/ cholesterol/PtdIns(4,5)P 2 (300/200/1, by vol.) with the corresponding mixture in which cholesterol was replaced by entcholesterol. For each sample, six consecutive scans were run, three heating scans and three cooling scans at a scan rate of 2
• C/min. Sequential heating and cooling scans were reproducible and exhibited a transition in the region 0-10
• C, corresponding to the chain melting transition of SOPC. The transitions are better resolved in cooling than in heating scans, since in some cases the heating scans, initiated at 0
• C, had not reached a steadystate baseline at the temperatures of the transition. Since data are calculated as the difference between a sample run and a baseline (buffer vs. buffer) run, and both are steeply sloping before reaching the steady state, data near the initiation of the scan can be distorted, especially if the excess heat capacity is small, as shown in Figure 2 (bottom right panel). In the absence of peptide, the two lipid mixtures exhibited very similar DSC curves ( Figure 2 ), but upon addition of 10 mol % of the NAP-22 peptide, the mixture with cholesterol exhibited a large increase in the enthalpy of the chain melting transition, suggesting that, at least in this temperature range, there was an area in the membrane that was depleted of cholesterol. The enthalpy for the transition, observed at 1.6
• C in the cooling scan for the mixture of SOPC/ cholesterol/PtdIns(4,5)P 2 /NAP-22 peptide, is 0.85 kcal/mol SOPC (1 cal ≡ 4.184 J). This is dramatically different from the results with the mixture in which ent-cholesterol replaces cholesterol in the presence of the peptide, for which the chain melting transition has essentially completely disappeared ( Figure 2 ). We The scan rate was 2K/min, and the lipid concentration was 2.5 mg/ml in 20 mM Pipes containing 1 mM EDTA and 150 mM NaCl supplemented with 0.002 % NaN 3 , pH 7.4. Sequential heating and cooling scans was performed between 0 and 50 • C. Numbers are the order in which the scans were carried out, with scans 1, 3 and 5 being heating scans, each of which was followed by one of the cooling scans 2, 4 or 6. Scans are displaced along the y-axis for clarity of presentation. myr, myristoylated; PI, PtdIns; 1 cal = 4.184 J.
also compared the DSC of this lipid mixture with either cholesterol or ent-cholesterol in the presence of lower concentrations of NAP-22 peptide (2.5 and 5 mol %). In all cases, the observable transition enthalpy of the SOPC chain melting was greater in the mixtures with cholesterol than in those with ent-cholesterol. For mixtures with 2.5 mol % NAP-22 peptide, the chain melting transition was discernable with both the cholesterol and entcholesterol-containing samples, but was larger in the case of cholesterol (results not shown). With the lipid mixture of SOPC/ cholesterol/PtdIns(4,5)P 2 in the absence of peptide, the transition is too broad to estimate the enthalpy, but it is clearly markedly lower and similar to the mixture in which ent-cholesterol replaces cholesterol in the absence of peptide (Figure 2) .
We also determined the effect of N-acetyl-LWYIK-amide on mixtures of SOPC/cholesterol (7:3) compared with SOPC/entcholesterol (7:3; Figure 3 ). Addition of N-acetyl-LWYIK-amide to the mixture with cholesterol increases the transition enthalpy in this mixture to a greater extent than when ent-cholesterol replaces the natural isomer of cholesterol ( Figure 3 ). The effect of cholesterol chirality is not as dramatic in this case as in the example with the NAP-22 peptide. Nevertheless, there is a selective increase in the chain melting transition induced by Nacetyl-LWYIK-amide in the cholesterol-containing membrane, but not in the one with ent-cholesterol at both a 7:3 and a 6:4 SOPC:sterol ratio (Table 1 ). All three components in the mixture of N-acetyl-LWYIK-amide with SOPC and cholesterol are chiral. We have also determined how the chirality of the peptide affects the phase behaviour of the mixture. N-Acetyl-lwyik-amide (the all-D isomer, as denoted by the lowercase letters for the amino acids) has similar effects to those of the L-isomer of the peptide on the phase transition of mixtures of SOPC with cholesterol, and it also has a smaller effect on mixtures with ent-cholesterol ( Table 1) .
The range of peptide-to-lipid ratios used is limited, because when the peptide is below 5 % of the lipid, little effect is observed and the use of more than 15 % peptide risks having non-specific The scan rate was 2K/min and the lipid concentration was 2.5 mg/ml in 20 mM Pipes containing 1 mM EDTA and 150 mM NaCl supplemented with 0.002 % NaN 3 , pH 7.4. Sequential heating and cooling scans between 0 and 50 • C are shown. Numbers are the order in which the scans were carried out, with scans 1, 3 and 5 being heating scans, each of which was followed by one of the cooling scans 2, 4 or 6. Scans were displaced along the y-axis for clarity of presentation. Ac, acetyl; 1 cal = 4.184 J. effects and disruption of the bilayer. However, within this limited range of peptide-to-lipid ratios, the increase in the observed enthalpy of the chain melting transition of SOPC is approximately proportional to the molar fraction of peptide (Table 1 , and results not shown). This suggests that oligomerization of the peptide in the membrane is not required for the redistribution of cholesterol, since that would have resulted in a co-operative effect.
H NOESY MAS-NMR
The only resonances of the peptide that are clearly resolved are those of the aromatic protons. In Figure 4 we present slices of the 2D-NOESY spectrum at the chemical shift of these resolved resonances of the peptide, and we assume that the observed crosspeaks are a result of dipolar interactions between the aromatic protons of the peptide and the aliphatic protons of the lipid. This is because the lipid is in approx. 10-fold molar excess, and many of the lipid resonances represent several protons. It should be noted, however, that even if some of the cross-peaks corresponded to nuclear Overhauser effect interactions within the peptide, the comparison of the spectra for samples with cholesterol and those with ent-cholesterol would allow one to conclude whether the chirality of the sterol affected the molecular arrangement within the peptide-lipid complex.
The slices of the 2D-NOESY spectra at the resonances of the two aromatic protons for a mixture of 10 mol % of the NAP-22 peptide and an equimolar mixture of PO (1-palmitoyl-2-oleoyl)PC and cholesterol or POPC and ent-cholesterol are shown using mixing times of 50 and 300 ms (Figure 4) . The resonances at 7.2 and 6.9 p.p.m. are from the tyrosine-ring protons, with the resonance at 6.9 p.p.m. corresponding to the position closer to the tyrosine hydroxy group. Because of their close physical proximity, these two positions show strong dipolar interactions between them. The strong resonance at 4.8 p.p.m. is from residual protons in 2 H 2 O. The slices for the sample with cholesterol are qualitatively similar to that of the sample with ent-cholesterol, indicating a similar depth of penetration of the peptide in the two cases. Nevertheless, the slices are not identical, demonstrating a detectable difference in the interaction of the peptide with POPC, depending on whether cholesterol or ent-cholesterol is present. In particular, the sample with ent-cholesterol shows cross-peaks for the 50 ms spectra at 4.3 and 3.7 p.p.m., corresponding to the α and β choline protons respectively. There are also peaks in the 6.9 p.p.m. slice using the 50 ms mixing time at 4.1 and 5.3 p.p.m., corresponding to the protons on C-1 and C-2 of glycerol. These cross-peaks are either absent or almost undetectable for the corresponding slices of the sample with cholesterol.
The differences in the NOESY slices are more evident when comparing the slices from samples of N-acetyl-LWYIK-amide in POPC:cholesterol compared with POPC:ent-cholesterol (Figure 5) . In particular, the sign of the cross-peaks is inverted for the slices from the spectra taken with a 300 ms mixing time of the sample with ent-cholesterol, except for the slice at 7.6 p.p.m., which remains positive. The sign of the lipid crosspeaks for the other slices with ent-cholesterol at 300 ms are opposite to that of the aromatic resonance appearing below 6 p.p.m. The cross-peaks for the other NOESY slices all remain positive ( Figure 5 ). This is indicative of a difference in motional properties within the membrane between the sample with cholesterol and that with ent-cholesterol. In addition, for the slices from the NOESY spectra with 50 ms mixing times, the magnitude of the terminal methyl group cross-peak at 0.95 p.p.m. relative to that of the 1.35 p.p.m. cross-peak for the methylene resonances is larger for the sample with ent-cholesterol than that for the samples with cholesterol. With the 50 ms spectra, the cross-peak of the CH 2 CCO protons at 1.7 p.p.m. is larger for the sample with cholesterol compared with that with ent-cholesterol ( Figure 5 ).
CD spectroscopy
The NOESY cross-peaks between the aromatic protons of the peptide and protons of the lipid represent transient interactions of a dynamic structure. The dynamic nature of membrane structures is shown, for example, by neutron diffraction studies [22] , as well as by NMR and modelling studies [23, 24] . The CD spectrum of N-acetyl-LWYIK-amide does not indicate a high degree of order in the conformation of the peptide (Figure 6 ). Furthermore, there is no large change in the presence of lipid, and lipid mixtures with either cholesterol or ent-cholesterol behave similarly. This result is expected for a small pentapeptide. A quantitative interpretation of the spectra is complicated by the presence of aromatic groups that can contribute to the far-UV region of the CD spectrum, as well as possible light-scattering artifacts in the presence of lipid. This peptide would not be expected to penetrate deeply into the bilayer, as is confirmed by the small Stokes shift observed in the tryptophan fluorescence emission caused by the presence of lipid [4] . In addition, the changes observed in tryptophan emission in the presence of sonicated unilamellar vesicles of SOPC containing cholesterol were the same as when the cholesterol was replaced by ent-cholesterol (results not shown). The NAP-22 peptide is longer, and the CD spectrum for this lipopeptide in buffer is more typical of a random coil ( Figure 6 ). There is a relatively small change in the presence of lipid and as with the N-acetyl-LWYIK-amide, the change is the same with either of the two cholesterol enantiomers. It is likely that some of the observed decrease is a consequence of light-scattering artifacts that are known to reduce the magnitude of the spectra. The polar nature of the peptide portion of NAP-22 peptide, as well as the several charged residues, would prevent it from inserting deeply in the membrane.
The CD results confirm that neither peptide forms structures with a high degree of order in the presence of lipid, and that the conformational properties of the peptides are similar in membranes with either cholesterol or ent-cholesterol. 
DISCUSSION
The relationship of the chirality of lipids and interactions with cholesterol has been studied. Several papers have shown that the two enantiomers of DPPC (dipalmitoyl-PC) interact indistinguishably with cholesterol. However, PC has only one chiral centre at the C-2 position of the glycerol moiety. In comparison, ent-cholesterol differs at several chiral centres from cholesterol. Nevertheless, the two enantiomers of cholesterol appear to interact identically with DPPC [25] , but for certain molar ratios of egg sphingomyelin and cholesterol, differences between mixtures with cholesterol and ent-cholesterol had been found using monolayers [25, 26] . However, more recent work has questioned this finding [27] . ent-Cholesterol is an enantiomer of cholesterol, i.e. the exact mirror image, rather than being a diastereoisomer that differs in configuration at only some of the chiral centres. Therefore pure cholesterol and ent-cholesterol should have identical physical and chemical properties (except for optical rotation). The two compounds, however, may differ in their interaction with other chiral molecules, such as phospholipids or chiral peptides. It has been concluded that there is no enantioselectivity in sterollipid interactions [28] . This is in general agreement with the observations we report in the present paper. Studies with Caenorhabditis elegans, a cholesterol auxotroph, has shown that ent-cholesterol cannot replace cholesterol and maintain viability of the organism, causing lethality in the second generation [29] . This suggests that biological systems can be sensitive to the chirality of cholesterol. The enzyme cholesterol oxidase that binds specifically to cholesterol exhibits specificity for the chirality of the sterol [27] . However, other proteins, such as cholesterol antibodies [30] or sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase-2b [31] , do not discriminate between the two cholesterol enantiomers. With lytic peptides, some are not sensitive to the chirality of cholesterol, such as streptolysin, whereas others exhibit a large effect of cholesterol chirality, having only a small effect with ent-cholesterol, such as Vibrio cholerae cytolysin [32] . ent-Cholesterol suppresses the antifungal activity of amphotericin to a lesser extent than cholesterol [33] . Hence there can be a variety of effects of cholesterol chirality on protein activity. Not surprisingly, proteins that have a specific binding site for cholesterol exhibit chiral specificity, whereas those whose activity is modulated by the effects of cholesterol on membrane physical properties exhibit the same effect with both cholesterol and ent-cholesterol. There are also intermediate cases showing small effects of cholesterol chirality.
There is limited information as to whether the chirality of cholesterol will affect the sequestering of proteins into cholesterolrich domains in membranes. A protein thought to be located in raft domains, the P-glycoprotein, is not affected by partial replacement of cellular cholesterol with ent-cholesterol [34] . However, the cell membrane is a complex system in which protein-protein interactions can also play a role. In addition, depletion of cellular cholesterol by methyl cyclodextrin is only partial, indicating that cholesterol can never be fully replaced in biological membranes with its enantiomer. We have evaluated two simple examples that represent motifs by which proteins are incorporated into cholesterol-rich domains. One is the NAP-22 peptide, a lipidated peptide that sequesters into raft domains. The other is N-acetyl-LWYIK-amide, which has an amino acid sequence corresponding to a CRAC motif. In both cases, the peptide preferentially associates with cholesterol-rich regions of the membrane through relatively non-specific interactions, yet exhibits chiral specificity. This is most clearly seen with the DSC results of the NAP-22 peptide (Figure 2 ). In the absence of cholesterol, pure SOPC exhibits a phase transition with an enthalpy of 4 kcal/mol at 6
• C [4] . The enthalpy of the transition is markedly suppressed in the lipid mixture containing 40 mol % cholesterol and 0.2 mol % PtdIns(4,5)P 2 in the absence of peptide, and is also broadened and shifted to slightly lower temperature (Figure 2 , upper lefthand panel). Replacing cholesterol with its enantiomer, ent-cholesterol, has almost no effect on the transition properties of this lipid mixture (Figure 2, upper right-hand panel) . However, the enthalpy and co-operativity ('sharpness') of this transition dramatically increases when the NAP-22 peptide is added to this same lipid mixture (Figure 2 , lower left-hand panel). This change is in marked contrast with what is observed when peptide is added to the lipid mixture in which ent-cholesterol replaces cholesterol. In this case, the cooling curves (scans 2, 4 and 6) show the complete abolition of the chain melting transition (Figure 2 , lower right-hand panel). This is not a consequence of the transition shifting to temperatures below 0
• C, as we have seen similar but smaller differences using 2.5 mol % of the NAP-22 peptide. In these samples, the DSC transition was observed with both the cholesterol-and the ent-cholesterol-containing samples, but was larger with the cholesterol sample. The difference in the transition behaviour with cholesterol compared with ent-cholesterol for this lipid mixture without peptide is negligible (Figure 2 , upper curves), whereas in the presence of peptide the differences are dramatic (Figure 2, lower curves) . In the case of N-acetyl-LWYIK-amide, the DSC results with mixtures containing cholesterol compared with ent-cholesterol also show differences suggestive of greater phase separation with cholesterol ( Figure 3 and Table 1 ). In this case, the differences in the DSC data are smaller than those exhibited by the NAP-22 peptide, but they are still significant (Table 1 ). In addition, there are significant differences in the MAS-NMR spectra with N-acetyl-LWYIKamide in the presence of cholesterol compared with that of entcholesterol ( Figure 5 ), as discussed in the Results section. The combined observations of DSC and NMR confirm that N-acetyl-LWYIK-amide promotes different membrane arrangements with cholesterol than with ent-cholesterol.
In the case of the NAP-22 peptide, the major membrane interaction is through the myristoyl group that has no chirality. However, the presentation of the myristoyl group to the membrane may be affected by the chiral peptide to which it is attached, as well as by membrane insertion of the chiral tyrosine residue. In the case of LWYIK, the chirality of the peptide has only a small effect on the extent of segregation of cholesterol or ent-cholesterol (Table 1 ). There have been several studies on the effect of peptide chirality on the interaction with biological membranes. The biological activity of enantiomers of certain antimicrobial peptides have been shown to be comparable with that of the natural isomer of the peptide [35, 36] . The antibacterial activity of a peptide derived from gelsolin that interacts with PtdIns(4,5)P 2 is also not affected by peptide chirality [37] . The NAP-22 peptide also interacts with PtdIns(4,5)P 2 [38] . In addition, both enantiomers of a peptide that triggers apoptotic cell death and triggers membrane disruption are active [39] , as is a neuroactive peptide that inhibits a mechanosensitive channel [40] . In fact, even in cases in which the peptide penetrates into biological membranes and interacts with specific transmembrane helices of integral membrane proteins, there is no requirement for a specific chirality of the peptide [41, 42] .
The results described above of membrane disruption caused by peptides or peptides to membrane components indicate that they are insensitive to peptide chirality. In contrast, our results indicate that the membrane interactions of the peptides and proteins that are able to induce the formation of cholesterol-rich domains are affected by the small changes in the arrangement and physical properties of the membrane caused by changes in cholesterol chirality [25, 26] . As a consequence, the peptide-induced segregation of cholesterol into domains is strongly affected by cholesterol chirality, even though the peptide-lipid interactions that are involved are not very specific.
